Tobacco smoking is frequently abused by schizophrenia patients (SZP). The major synaptically active component inhaled from cigarettes is nicotine, hence the smoking habit of SZP may represent an attempt to use nicotine self-medication to correct (i) a central nervous system nicotinic acetylcholine receptor (nAChR) dysfunction, (ii) DNA-methyltransferase 1 (DMT1) overexpression in GABAergic neurons, and (iii) the down-regulation of reelin and GAD 67 expression caused by the increase of DNMT1-mediated hypermethylation of promoters in GABAergic interneurons of the telencephalon. Nicotine (4.5-22 mol/kg s.c., 4 injections during the 12-h light cycle for 4 days) decreases DNMT1 mRNA and protein and increases GAD 67 expression in the mouse frontal cortex (FC). This nicotine-induced decrease of DNMT1 mRNA expression is greater (80%) in laser microdissected FC layer I GABAergic neurons than in the whole FC (40%), suggesting selectivity differences for the specific nicotinic receptor populations expressed in GABAergic neurons of different cortical layers. The down-regulation of DNMT1 expression induced by nicotine in the FC is also observed in the hippocampus but not in striatal GABAergic neurons. Furthermore, these data show that in the FC, the same doses of nicotine that decrease DNMT1 expression also (i) diminished the level of cytosine-5-methylation in the GAD67 promoter and (ii) prevented the methionine-induced hypermethylation of the same promoter. Pretreatment with mecamylamine (6 mol/kg s.c.), an nAChR blocker that penetrates the blood-brain barrier, prevents the nicotine-induced decrease of FC DNMT1 expression. Taken together, these results suggest that nicotine, by activating nAChRs located on cortical or hippocampal GABAergic interneurons, can up-regulate GAD67 expression via an epigenetic mechanism. Nicotine is not effective in striatal medium spiny GABAergic neurons that primarily express muscarinic receptors.
T obacco smoking is frequently abused by schizophrenia patients (SZP) (for reviews see refs. 1 and 2). Because nicotine is a potent cholinergic receptor agonist that is inhaled with tobacco smoking and both the expression and function of nicotinic acetylcholine receptors (nAChRs) are down-regulated in the brain of SZP, one may conclude that the high level of tobacco smoking in these patients represents an attempt to self-medicate; i.e., correction of some disease-associated abnormalities of cholinergic (nicotinic) neurotransmission (3, 4) , possibly related to the decrease of GABAergic function occurring in the brain of SZP (5) (6) (7) (8) (9) .
Typically, plasma nicotine levels in heavy smokers (Ϸ20-30 cigarettes a day) oscillate between 0.3 and 0.6 M. Because in humans nicotine half-life is Ϸ2 h, the nicotine plasma levels in heavy smokers progressively increase during the day but fluctuate in a ''peak and trough'' fashion after each cigarette (10, 11) . These submicromolar concentrations of nicotine, which act at heterooligomeric ␣4␤2 high-affinity and homomeric ␣7 lowaffinity nAChR abundantly expressed in GABAergic interneurons of the frontal cortex (FC) and hippocampus (12) (13) (14) , may improve cognitive function in laboratory animals and also in normal human subjects (1, 2) .
Although the effect of submicromolar concentrations of nicotine on cognition and perception is reduced with chronic treatment with nicotine because of nAChR desensitization (1, 10, 12) , repeated exposure to nicotine also results in a long-term homeostatic increases of several synaptic proteins (15) including: (i) ␣4␤2 and ␣7 nAChR (3, 4) and (ii) AMPA, NMDA, and GluR1 receptors (15) . Chronic nicotine treatment also results in an increase of (i) dendritic length and spine density in the pyramidal neurons of the cingulate cortex (16) and (ii) long-term potentiation of hippocampal neuronal responses (17) . Hence, by stimulating nAChR, chronic cigarette smoking could elicit longterm synaptic plasticity caused by changes of specific receptor expression, a response that may correct the impaired cognitive function in SZP.
When postmortem brains of SZP are compared with those of nonpsychiatric subjects, in addition to the above-mentioned decrease of high-and low-affinity nAChR subtypes in the hippocampus, cortex, and caudate, a GABAergic neuropathology is detected in these brain areas. This neuropathology includes the decreased expression of glutamic acid decarboxylase (GAD) 67, one of the two enzymes (GAD 65 and GAD 67 ) that synthesize GABA in the brain (5) (6) (7) (8) (9) .
Recent studies suggest that the decrease of GAD 67 and other GABAergic genes expression in cortical, hippocampal, and caudate GABAergic neurons of SZP may be caused by promoter hypermethylation (18, 19) . Such hypermethylation is very likely caused by the overexpression of DNA methyltransferase 1 (DNMT1) in cortical BA9, BA10, and BA17 layers I and II but not in layer V and VI GABAergic interneurons of SZP (18, 19) .
Here, we investigated in mice whether repeated nAChR stimulation by s.c. nicotine injections that increase their plasma concentrations by an extent comparable to that reported by heavy cigarette smokers (10, 11, 20) results in a down-regulation of DNMT1 and an increased expression of GAD 67 in GABAergic neurons of cortical, hippocampal, and striatal brain areas. Furthermore, to test the concept that protracted nAChR stimulation up-regulates GAD 67 by reducing its promoter methylation via a reduction of DNMT1 expression, we investigated whether the same nicotine treatment that induces FC GAD 67 expression also decreases the level of GAD 67 promoter methylation or prevents the methionine-induced hypermethylation of this specific promoter. The data support a role for nicotine as a treatment to correct (through a normalization of an altered epigenetic func-tion) the down-regulation of GAD 67 expression present in cortical and hippocampal GABAergic neurons of SZP.
Results

DNMT1 Expression in the Brain of Mice Treated s.c. with Nicotine.
Selection of nicotine dose and time schedule.
A recent study (20) showed that in Swiss albino male mice treated with an s.c. nicotine injection of 16 mol/kg (2.5 mg/kg), the plasma concentration of this alkaloid reaches Ϸ0.8 M during the first hour and thereafter declines with a half-life of Ϸ15 min. These pharmacokinetic parameters suggest that to establish the nicotine plasma concentration ranges achieved by heavy cigarette smokers (0.5-0.6 M for 2-3 h in a mouse model), mice should receive nicotine (4.5-22 mol/kg s.c, corresponding to 0.75-3.5 mg/kg) once every 3 h during a 12-h light cycle.
These nicotine doses injected s.c. into mice elicit a transient (10-15 min) increase of sympathetic tone characterized by an increase of respiratory rate and locomotor activity. At the highest dose (22 mol/kg s.c.) of nicotine tested there is an intermittent tremor beginning a few minutes after the injection and terminating within 15-20 min. One should also note that in heavy cigarette smokers when plasma nicotine concentrations reach values of 0.6 M or higher, there are signs of an increased sympathetic tone (i.e., increased rate of respiration, tachycardia, and hypertension) and frequently, increased hand tremor as well (21) . This finding suggests that repeated s.c. injections of nicotine in mice elicit a pharmacological response comparable to that of heavy cigarette smokers. Our preliminary experiments showed that a single injection of nicotine (22 mol/kg s.c.) or four injections in a day (22 mol/kg, one injection every 3 h during the 12-h light cycle) failed to induce a significant decrease of DNMT1 mRNA or protein content in mouse FC. In contrast, doses of 22 mol/kg (four injections per 12 h) of nicotine given for 2 or 4 days result in a significant decrease of FC levels of DNMT1 mRNA or protein. The DNMT1 mRNA values Ϯ SE expressed as fmol/0.1 pmol neuronal-specific enolase (NSE) mRNA were: 3.2 Ϯ 0.2 in the vehicle-treated group (n ϭ 5), 2.6 Ϯ 0.1 (P Ͻ 0.05) in the group treated for 2 days, and 2.0 Ϯ 0.2 (P ϭ 0.001) in the group treated for 4 days. Nicotine treatment for 5 or 8 days also produced a decrease of DNMT1 mRNA expression but the decrease was not significantly greater than that observed after 4 days of nicotine treatment. DNMT1 protein levels estimated by Western blot and referred to ␤-actin blots used to estimate sampling variation were decreased by 19 Ϯ 1.4% in the group treated with nicotine for 1 day and 37 Ϯ 1.6% (P Ͻ 0.05) in the group treated with nicotine for 4 days. It is important to notice that ␤-actin used as a reference protein failed to change after nicotine treatment.
Nicotine decreases DNMT1 mRNA expression in cortical and hippocampal but not in striatal GABAergic neurons. Fig. 1 shows that nicotine in doses between 4.5 and 22 mol/kg (0.75-3.5 mg/kg for four injections per 12 h for 4 days) elicits a significant decrease (30-40%) of DNMT1 mRNA expression in the FC and hippocampus but not in the striatum. The decrease of cortical and hippocampal DNMT1 mRNA expression reached almost maximal level at doses of 9 mol/kg (1.5 mg/kg) nicotine and became significant in the hippocampus after a dose of 4.5 mol/kg (0.75 mg/kg). In these experiments, DNMT1 mRNA was decreased when measured 2 h after the last injection of nicotine and the DNMT1 mRNA decrease persisted unabated up to 12 h after the last nicotine treatment (41% decrease after 2 h and 35% decrease 12 h after the last s.c. injection of 22 mol/kg nicotine).
DNMT1 mRNA content in the liver failed to change after nicotine treatment. DNMT1 mRNA attomol/g RNA in liver tissue of vehicle-treated mice is 4.9 Ϯ 0.84, and in nicotine-treated mice (22 mol/kg four times a day for 4 days) is 4.2 Ϯ 0.57.
Mecamylamine but not hexamethonium blocks nicotine-induced downregulation of DNMT1 expression. To establish whether nicotineinduced reduction of DNMT1 expression in cortical neurons is mediated by an activation of CNS nAChRs, we used mecamylamine, a noncompetitive nAChR open-channel blocker that crosses the blood-brain barrier (22) . In our strain of mice, mecamylamine (6 mol/kg s.c.) attenuates or virtually abolishes the effect of 22 mol/kg of nicotine on behavior and on the FC decrease of DNMT1 protein (Table 1) . Importantly, doses of mecamylamine in a range of 6 (Table 1 ) and 24 mol/kg (data not shown) failed to modify per se the expression level of DNMT1 in FC.
To distinguish between the susceptibility of the CNS and ganglionic nAChRs in the action of nicotine, we attempted to block the effects of nicotine on cortical DNMT1 expression by administering hexamethonium. This ganglionic blocking agent acts only on peripheral nAChRs (23) and, injected in a dose (19 mol/kg s.c.) known to block several cardiovascular, gastrointestinal, and respiratory responses induced by nicotine (23), fails to block the decrease of DNMT1 expression elicited by nicotine (Table 1) .
In the FC, the nicotine-induced reduction of DNMT1 expression occurs in a subset of GABAergic neurons. Using confocal fluorescence microscopy, we found that DNMT1 is primarily expressed in GAD 67 -positive neurons in layers I and II of the mouse FC (Fig. 2) . Hence, to study whether nicotine down-regulates the expression of DNMT1 in GABAergic neurons, we laser microdissected layer I neurons of the FC (19) . This cortical layer only expresses a distinct population of GABAergic neurons (19) . Fig. 3 shows that nicotine induces a significantly greater reduction of DNMT1 mRNA in laser-microdissected layer I samples (Ϸ80%) than in samples including all FC layers (Ϸ40%).
In situ hybridization studies (a typical example is given in Fig.  4) show that in mice treated with nicotine (22mol/kg four times per 12 h for 4 days), the number of DNMT1 mRNA-positive neurons is specifically decreased in layer I (DNMT1-positive neurons Ϯ SE ϭ 340 Ϯ 50/mm 2 in vehicle and 220 Ϯ 20/mm 2 in nicotine-treated animals; n ϭ 10, P Ͻ 0.01). In contrast, in layer V the number of DNMT1-positive neurons fails to decrease (820 Ϯ 70/ mm 2 in vehicle and 850 Ϯ 120/ mm 2 in mice treated with nicotine). As shown in Fig. 4 , in layers I and II, not only the neuronal number but also the signal intensity of the neuronal DNMT1 mRNA staining is considerably decreased. Note that the number of NeuN-positive neurons in FC layer I was not modified after nicotine treatment (350 Ϯ 50/mm 2 in vehicle and 330 Ϯ 60/mm 2 in mice treated with nicotine).
Nicotine Up-Regulates Cortical but Not Striatal GAD67 Expression.
Mice exposed to nicotine doses that reduce the expression of DNMT1 in the FC exhibit a significant increase of GAD 67 protein expression in the same brain area (Fig. 5) . In this brain area, the increase is inversely related to the decrease of DNMT1 mRNA expression (r ϭ 0.6, P ϭ 0.03). In the same samples, we failed to observe an increase of GAD 65 protein expression. However, the increase of GAD 67 induced by nicotine in the FC fails to occur in the striatum of the same animals.
Nicotine Decreases the Level of GAD 67 Promoter Methylation in the FC.
Previous studies suggest that GAD 67 expression can be regulated by changes in the levels of promoter cytosine-5 methylation. For example, administration of histone deacetylase inhibitors, such as valproic acid (VPA) and MS-275, in doses that reduce GAD 67 or reelin promoter methylation in mouse FC (24) (25) (26) (27) , increase their transcription. On the contrary, repeated administration of the essential amino acid methionine, a precursor of S-adenosylmethionine (SAM) that serves as a methyl group donor, resulted in an increased methylation of GAD 67 promoter and a decrease of GAD 67 expression (24) (25) (26) (27) .
To determine whether the GAD 67 up-regulation induced in mouse FC by protracted (4 days) nicotine treatment is associated with a decrease in the level of GAD 67 promoter methylation presumably mediated by an action related to DNMT1 changes, we quantified the ratio of 5Јmethylated-cytosines (5mC) to the unmethylated cytosines (C) of the mouse GAD 67 (Ϫ760, Ϫ 311 bp) CpG-enriched promoter region by measuring the fraction of GAD 67 promoter immunoprecipitated by specific 5mC antibodies (MeDIP). In previous studies, we reported that the ratio 5mC/C for GAD 67 or reelin promoters measured with MeDIP technology is virtually identical to the ratio obtained with the MeCP2 ChIP procedure (27) . Moreover, MeDIP values are about proportional to the number of methylated CpG dinucleotides measured with sodium bisulfite (compare refs. 26 and 27).
As inferred from previous studies (24-27), we found that the methylated cytosines expressed by the GAD 67 promoter de- tected in the FC of control mice are Ϸ10% of the total promoter cytosines (Fig. 6) . Nicotine treatment causes a small but significant dose-dependent decrease in the methylation level of the CpG-rich dinucleotides present in the GAD 67 promoter (Fig. 6 ). This down-regulation is in line with the observed increase of GAD 67 expression and the associated decrease of DNMT1 mRNA (r ϭ 0.97, P ϭ 0.03).
To obtain further support for the hypothesis that nicotine up-regulates GAD 67 expression because it reduces promoter (cytosine-5) methylation, we investigated the effect of nicotine in mice in which the GAD 67 promoter methylation was increased by injecting methionine (5mmol/kg s.c., twice a day for 3 days) (Fig. 6 ). In these mice, nicotine administration (22mol/kg four times a day) for 4 days before L-methionine treatment completely prevents L-methionine-induced GAD 67 promoter hypermethylation (Fig. 6) . Importantly, the decreased GAD 67 promoter methylation induced by nicotine cannot be caused by the decreased level of the methyl donor SAM. In fact, when measured 2 h after the last methionine injection, the levels of SAM in the FC are similar in mice receiving methionine ϩ nicotine (52 Ϯ 3.2 pmol/mg tissue) and mice receiving only methionine (50 Ϯ 2.7 pmol/mg tissue).
Discussion
Nicotine Down-Regulates DNMT1 and Up-Regulates GAD67 Expression in Cortical and Hippocampal but Not Striatal GABAergic Neurons. If repeated for 2-4 days, nicotine, injected in mice in doses that yield nicotine plasma concentrations comparable to those found in the plasma of compulsive cigarette smokers (0.5-0.6 M) (10, 11, 20) , induces a significant decrease of DNMT1 mRNA and protein content in cortical layers I and II (Figs. 3 and 4) and hippocampal GABAergic interneurons but not in striatal medium spiny GABAergic neurons.
In the FC, the down-regulation of DNMT1 expression in GABAergic interneurons is abolished by mecamylamine but not by hexamethonium, suggesting that the effects of nicotine are mediated by a CNS nAChR-dependent mechanism. In fact, in the medium spiny neurons of the striatum that express mostly muscarinic AChRs and are virtually devoid of nAChRs (28) , the administration of nicotine failed to decrease DNMT1 mRNA expression (Fig. 1) .
In the same mice in which multiple nicotine injections induce a decrease of cortical DNMT1, the expression of GAD 67 is significantly increased (Fig. 5) . In contrast, in the striatum where nicotine failed to down-regulate DNMT1 expression, GAD 67 also failed to change. Note that to the best of our knowledge, an effect of repeated nicotine administration on the FC expression density of GAD 67 has never before been reported. Hence, our experiments suggest an important role for CNS nAChRs in the regulation of gene expression in cortical and hippocampal GABAergic interneurons.
These experiments do not allow the identification of the affinity constants of the nAChRs that are responsible for the nicotine-induced down-regulation of cortical DNMT1 or the increase of cortical GAD 67 expression. In preliminary experiments, we found that the decrease of DNMT1 and the increase of (18, 19) , we found that in layers I and II of the mouse FC and in the striatum, DNMT1 appears to be selectively expressed in GABAergic neurons. However, in cortical and hippocampal homogenates the maximal reduction of DNMT1 mRNA and protein expression induced by administration of nicotine never exceeded 30-40% and DNMT1 mRNA never decreased in the striatum. Hence, it may be inferred that AChRs on GABAergic neurons in cortical layers I and II and the hippocampus differed from that in the striatum (28) and deeper cortical layers.
To strengthen this hypothesis, in the present experiment we show that the decrease of DNMT1 mRNA expression induced by nicotine administration was significantly higher in FC layer I (Ϸ80%) vs. the whole FC (30-40%). Accordingly, in situ hybridization studies showed that after 4 days of nicotine treatment (see Materials and Methods for details), the number of DNMT1 mRNA-positive neurons in the cortex was significantly decreased in layers I and II but not in layers V and VI (Fig. 3) . In striatal medium spiny GABAergic neurons that express high levels of muscarinic AChRs but low levels of nAChRs (28), the injections of nicotine failed to change the levels of DNMT1 mRNA and protein. Thus, it appears that DNMT1 levels decrease only in GABAergic neurons that express nAChRs.
In addition to DNMT1, DNMT3A and DNMT3B, have been identified in mammalian CNS (31) . To ascertain whether the nicotine-induced down-regulation of DNMT1 is associated with changes of DNMT3A or DNMT3B, in preliminary experiments we measured the mRNA expression of both enzymes in the FC. DNMT3A mRNA, unlike DNMT1 mRNA, is not downregulated by nicotine treatment and therefore may be expressed in neurons devoid of nAChRs. DNMT3B does not seem to be expressed in significant amounts in the CNS of adult mice.
Nicotine Induces GAD67 Promoter Hypomethylation. To test the hypothesis that the nicotine-induced increase of GAD 67 expression could be a consequence of the reduction of DNMT1, we studied the effect of nicotine on the methylation status of a specific GAD 67 promoter fragment enriched with CpG dinucleotides. As reported (24), promoter methylation, likely through Fig. 6 . Nicotine reduces GAD67 promoter methylation in the FC. V: received saline for four times a day for 5 days. N: received nicotine (4.5, 9, or 22 mol/kg s.c. four times a day for 4 days) and saline on the fifth day. VϩM: received saline for 2 days followed by methionine (5 mmol/kg, twice a day) for 3 days. NϩM: received nicotine (22 mol/kg) for 4 days. On the third and fourth days of nicotine treatment, mice also received methionine. On the fifth day, nicotine was suspended and mice received only methionine. Each value is the mean Ϯ SE of three mice. Overall one-way ANOVA for GAD 67 promoter methylation yielded a P Ͻ 0.001. ** , P Ͻ 0.01 for Student-Newman-Keuls multiple comparison between V versus VϩM and VϩM versus NϩM; * , P Ͻ 0.05 for V versus N and V versus NϩM.
the recruitment of methyl-binding proteins, is a mechanism that regulates GAD 67 promoter activity and therefore GAD 67 expression. In previous studies with VPA, we reported that a decrease of basal GAD 67 promoter methylation was associated with an up-regulation of GAD 67 transcriptional activity and therefore of GAD 67 expression (24) (25) (26) (27) . In mice FC extracts, using a DNA methylation assay with an antibody that specifically immunoprecipitates DNA nucleosomal fragments containing 5-methyl-cytosines, we showed that protracted nicotine treatment (4.2-22 mol/kg four times a day for 4 days) reduces the levels of methylation of GAD 67 promoters in a dose-dependent manner.
Furthermore, the same doses of nicotine that induce GAD 67 promoter demethylation and GAD 67 up-regulation in normal mice were shown to completely prevent the L-methionineinduced hypermethylation of GAD 67 promoters (Fig. 6 ). Further studies with specific nAChR agonists or antagonists and chromatin remodeling agents such as VPA are required to define the molecular mechanisms whereby stimulation of high-affinity nAChRs decreases DNMT1 expression and reduces GAD 67 or other promoter methylation selectively in GABAergic neurons of cortex and hippocampus.
Conclusions
Current research on SZP suggests that the overexpression of DNMT1 in the upper cortical layers of GABAergic neurons is responsible for the epigenetic hypermethylation of specific GABAergic gene promoters, including GAD 67 and reelin (18, 19) . The expression down-regulation of these genes in SZP brains likely leads to a GABAergic transmission defect, which presumably plays an important role in the pathogenetic mechanisms that underlie the cognitive, behavioral, and auditory gating system impairments expressed in psychotic patients (8, 9) . This evidence suggests that a reversal of the epigenetically induced transcriptional down-regulation of GAD 67 and other genes in cortical GABAergic neurons of SZP should be attempted by using drugs that directly or indirectly target DNMT1.
Nicotinic agonists are one of several treatment options for SZP currently under investigation (1, 2, 32) . Hence, the use of synthetic nAChR ligands to selectively down-regulate DNMT1 in GABAergic interneurons of cortical layers I and II and the hippocampus may represent an innovative attempt to control the hypermethylation of GAD 67 and other gene promoters operative in selected populations of telencephalic GABAergic neurons of SZP while leaving the function of DNMT1 in cells that do not express nAChRs intact. To be investigated is whether ␣4␤2 or ␣7 nAChR agonists are better suited to correct the epigenetic alterations of GABAergic neurons operative in SZP.
Materials and Methods
Animals and Drug Administration. Male Swiss albino mice (Harlan Breeders) weighing 20 -25 g were used in this study. The following drugs were used: nicotine bitartrate, mecamylamine hydrochloride, hexamethonium hydrochloride, L-methionine, all from Sigma-Aldrich. All drugs were dissolved in a volume of saline solution corresponding to 0.05 ml/10 g body weight and were injected s.c.
Immunohistochemistry. DNMT1 in situ hybridization, NeuN immunolabeling, and neuronal counts. In sections (15-20 m thick), DNMT1 in situ hybridization was carried out as described (18, 19) . NeuN immunolabeling was carried out with a mouse anti-NeuN mAb (Chemicon) diluted 1:500 for 72 h and subsequently with biotinylated goat anti-mouse antiserum and 3-3Ј diaminobenzidine (Sigma) as described (18, 19) . Five sections were taken from each brain area and a bidimensional cell counting method was used to count DNMT1-or NeuNpositive cells at ϫ40 magnification in a square area of 100 ϫ 100 m (33). Confocal fluorescence microscopy. Sections were incubated with a rabbit polyclonal anti-GAD 65/67 antibody (diluted 1:500; Chemicon) and a mouse anti-DNMT1 mAb (diluted 1:500; Imgenex) for 72 h. Sections were then incubated with Cy-5-conjugated goat anti-rabbit IgG (Amersham Biosciences; 1:1,000) to label the antibody reacting with GAD 65/67 and with Cy2-conjugated streptavidin (1:1,000) to label the antibody directed against DNMT1 (for further details see refs. 18 and 19).
Laser-Assisted Microdissection. From each brain, 20-m coronal sections were mounted on polyethylene terephthalate membrane frame slides (Leica). Sections were rapidly fixed in cold 70% ethanol and stained with 0.1% toluidine blue to visualize the cortical layers. Layer 1 sections from eight FC coronal sections (between ϩ1.1 and ϩ0.9 mm anterior to the bregma) were microdissected from each brain sample by using the Application Solution Laser Microdissection system (Leica) to collect an Ϸ3 ϫ 10 5 -m 2 area from layer I. Samples were collected directly in 50 l of guanidine-isothiocynate solution containing Triton X-100 (1%) and ␤-mercaptoethanol (0.8%) as described (19) .
RNA Isolation and Quantitative RT-PCR Analysis. Total RNA was extracted by cesium chloride (CsCl) density gradient centrifugation as described (19) . DNMT1, DNMT3A, and NSE mRNA content were measured in each sample by competitive RT-PCR. The following amplification primers were used: DNMT1, forward, base pairs 4231-4254; reverse, base pairs 4667-4644; GenBank accession no. X14805.1; DNMT3A, forward, base pairs 1827-1850; reverse, base pairs 2245-2268; GenBank accession no. NM007872.2); and NSE, forward, base pairs 382-405; reverse, base pairs 769 -792; GenBank accession no. M22349.1. This technique is based on the simultaneous amplification of the target mRNA and a specific internal standard having the same sequence as the target except for a deletion of 58 bp for DNMT1 (between 4,461 and 4,518 bp), 84 bp for DNMT3A (between 2,000 and 2083 bp), and 85 bp for NSE (between 552 and 636 bp) (34) .
Western Blot. Extraction of nuclear DNMT1. Nuclear protein extraction was conducted according to a procedure described by Cupers et al. (35) . Briefly, tissue samples (10 -15 mg) were homogenized in 200 l of 0.32 M sucrose, 50 mM Tris⅐HCl, 0.1 mM EDTA, and 1 mM PMSF at pH 7.4 and centrifuged at 1,000 ϫ g for 10 min. The pellet containing the nuclei was lysed on ice for 30 min in 200 l of 150 mM NaCl, 50 mM Tris⅐HCl, 0.1 mM EDTA, and 0.1% Triton X-100 at pH 7.4. After centrifugation at 20,000 ϫ g for 20 min, the supernatant containing the soluble nuclear material was separated, and proteins were precipitated in 1.5 ml of methanol at Ϫ20°C overnight. After centrifugation at 20,000 ϫ g for 20 min at 4°C, the pellets were resuspended in loading buffer (120 mM Tris⅐HCl/20% glycerol/8% SDS/0.01% blue bromophenol/0.1% DTT) and denatured at 100°C for 5 min. Extraction of GAD65/67. These proteins were extracted directly from the FC samples in Laemmli buffer (100 l/10 mg tissue) (7) . SDS/PAGE. Proteins were separated by 4 -12% SDS/PAGE (Invitrogen), blotted onto nitrocellulose membranes (Invitrogen), and developed overnight at 4°C with anti-DNMT1 mAb (Imgenex) diluted 1:1,000 or anti-GAD 65/67 rabbit polyclonal antibody diluted 1:2,000 (Chemicon) (26) . Membranes were then washed and reblotted with a ␤-actin mAb (1:5,000; Sigma-Aldrich) for 2 h (26). Two major bands were detected for DNMT1, one at 180 kDa corresponding to the full-length DNMT1 protein molecular mass, and the second at 70 kDa (a possible metabolite or processing product). The specificity of the DNMT1 antibody was tested by preabsorption with a corresponding antigen in 0.005 M NaPHO4 buffer (pH 7.2), 0.2 M NaCl, and 5% BSA. All of the immunoreactive bands detected in the membrane after incubation with the nonpreabsorbed DNMT1 antibody disappeared when the antibody was previously preabsorbed with the recombinant antigen.
Changes in DNMT1 expression induced by various treatments were determined by assigning the value of 100 to the control samples and expressing the values of each treatment sample as percentages of the controls. Five serial dilutions were run for every sample to identify the linear range for protein quantification.
DNA Methylation Assay. Genomic DNA was extracted from the mouse FC and sonicated to produce fragment sizes of 200 -1,000 bp. After ethanol precipitation, 3 g of sonicated DNA were heat-denatured at 95°C for 10 min. An aliquot of the solution (50 l) was removed and stored at Ϫ20°C to be used as input. The remaining solution was incubated overnight at 4°C, with a mouse anti-5mC mAb (1:250) (Calbiochem). The DNA-antibody complex was then added to 50 l of protein A agarose beads (Invitrogen) and incubated on a rotating platform for 2 h at 4°C. The resulting DNA-antibody-beads complex was isolated, and the DNA was released by proteinase K digestion. After phenol-chloroform extraction and ethanol precipitation, the DNA pellet was resuspended in 20 l of diethyl pyrocarbonate water.
A CpG-rich GAD 67 promoter fragment (base pairs 760 -311) (27) was quantified by quantitative PCR analysis. The following amplification primers were used: forward, base pairs 760 -737; reverse, base pairs 311-334 (27) . The internal standard used for the quantification was an oligonucleotide with the same sequence as the target except for a deletion of 100 bases (between 390 and 490 bp) (27) . The level of methylation of GAD 67 promoter is expressed as percentage of the input DNA that is immunoprecipitated by the anti-5mC antibody.
